We examined the effects of oral L-hydroxyproline (Hyp) on collagen in the body. After 2 weeks' administration of Hyp (0.5 or 1 g/kg) to F344 male rats, the soluble collagen content of the skin had increased, and the serum concentration of collagen peptides was correlated with the skin content of soluble collagen. This result suggests that oral Hyp augmented collagen metabolism.
L-Hydroxyproline (Hyp) is an amino acid that exists almost exclusively as a constituent of vertebrate collagen, in which it accounts for approximately 10% to 15% of the amino acids. 1, 2) Hyp stabilizes the triple-helix structure of collagen molecules and microfibrils. 1, 2) Newly synthesized collagen is hydrophilic and therefore soluble. Damage, such as that caused by aging and ultraviolet irradiation, causes cross-linking of collagen molecules, converting them to an insoluble form. This change in solubility may contribute to the decrease in water content of the skin with age.
3) Previous reports have shown that an oral intake of collagen peptides or a gelatin hydrolysate improved the properties of the skin. 4, 5) Such collagen-derived peptides as Pro-Hyp have also been reported to stimulate the growth of fibroblasts in the skin. 6) In addition, a study on the tiger puffer fish (Takifugu rubripes) has shown that an oral administration of Hyp prevented a reduction in the collagen content of fillets with growth. 7) However, to our knowledge, there has been no report on the role of Hyp in collagen metabolism in mammals.
To examine the effects of Hyp on collagen metabolism, three doses of Hyp (0, 0.5, or 1 g/kg) were orally administered to F344 male rats, and the soluble collagen content of the skin and the collagen peptide content of the serum were determined. Experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the Healthcare Products Development Center of KYOWA HAKKO BIO CO., LTD. and were approved by the Animal Care Committee of the same center. The animal experiments were conducted in accordance with the ''Standards Relating to the Care and Management of Laboratory Animals and Relief of Pain'' (Notice no. 88, Ministry of the Environment, Government of Japan). Male F344 rats aged 8 weeks (131 AE 2 g) were provided by CHARLES RIVER LABORATORIES JAPAN (Yokohama, Japan). Water and an AIN-93G purified standard diet 8) were provided ad libitum. The animals were randomly allocated to three groups, each of which was given the Hyp solution orally at one of three daily dose rates (0, 0.5, or 1 g Hyp/kg) in the morning. Five doses were given in the first week, and four in the second. At the end of the 2-week administration period, 24 h after the last dose, the rats were anesthetized with pentobarbital sodium (Nembutal; Dainippon Sumitomo Pharma, Osaka, Japan). They were killed by neck fracture immediately after we had obtained samples of arterial blood. The blood was immediately centrifuged, and the serum stored at À80 C until being used for analysis. Three pieces of epidermis from thoroughly shaved skin of the upper back area were collected (each approximately 0.4 g) from each rat. The samples were rapidly frozen in liquid nitrogen and stored at À80 C until being used for analysis.
The frozen skin samples were crushed with a Cryo Press (Microtech, Chiba, Japan). One piece was used to evaluate the content of soluble collagen which was extracted and hydrolyzed by the method described by Rao.
9) Another skin sample was used to evaluate free Hyp without hydrolysis. The other skin sample was subjected to acid hydrolysis with 20 mL of 6 M hydrochloric acid to evaluate total collagen. The content of collagen was deduced from the amount of Hyp. Serum samples were filtered through an Amicon 10-kDa ultrafiltration membrane (Nihon Millipore, Tokyo, Japan). The flow-through was then concentrated and desalinated by using an Amicon 3-kDa ultrafiltration membrane (Nihon Millipore, Tokyo, Japan). An equivy To whom correspondence should be addressed. Tel: +81-29-856-4255; Fax: +81-29-856-4288; E-mail: koji.morishita@kyowa-kirin.co.jp Abbreviations: Hyp, L-hydroxyproline; HPLC, high-performance liquid chromatography; SD, standard deviation; ANOVA, analysis of variance Biosci. Biotechnol. Biochem., 76 (6), [1242] [1243] [1244] 2012 Note alent volume of 6 M hydrochloric acid was added to the molecular weight fractions from 3 to 10 kDa, and the samples were then hydrolyzed by being heated at 110 C for 18 h. The collagen peptide content was estimated from the amount of Hyp. The acid-hydrolyzed samples were evaporated to dryness and dissolved in 50 mL of distilled water. A 50-mL amount of a borate buffer (pH 10.6) and 2 mL of 10% mercaptoethanol (v/v) (Nacalai Tesque, Kyoto, Japan) were then added to 50 mL of a sample solution. An 8-mL amount of ophthaldehyde (50 mg/mL in ethanol, biochemical grade; Kishida Chemical, Osaka, Japan) was next added to block the primary amines. This was followed by heating at 60 C for 30 s, and then for 40 min after adding 50 mL of 4-chloro-7-2,1,3-benzoxadiazole in 20 mg/mL of ethanol (Tokyo Chemical Industry, Tokyo, Japan) as a fluorescent reagent. At the end of the fluorescence reaction, each mixture was neutralized with 15 mL of hydrochloric acid (1 mol/L) and passed through a 0.45-mm syringe filter (Advantech, Tokyo, Japan). The converted samples (10 mL) obtained by this process were applied to a reversed-phase column (Inertial ODS-3; 4:6 Â 150 mm i.d., 5 mm particle size; GL Sciences, Tokyo, Japan) in a high-performance liquid chromatography (HPLC) system equipped with a fluorescence detector (Elite LaChrom; Hitachi High-Technologies, Tokyo, Japan). The column oven was set at 50 C, and a mixture of 20% methanol (v/v)-10 mM citric acid (pH 4.0) was used as the mobile phase. The flow rate of the mobile phase was set at 1.0 mL/min, and the fluorescence detector was operated at respective excitation and emission wavelengths of 503 nm and 541 nm. Differences among the three groups were subjected to an analysis of variance (ANOVA) followed by Tukey's test (SPSS 14.0J; SPSS Japan, Tokyo, Japan). Correlations between the skin collagen content and serum collagen peptide content were analyzed by Spearman's test (SPSS 14.0J; SPSS Japan, Tokyo, Japan). A probability of p < 0:05 was considered to indicate statistical significance.
Oral intake of the Hyp solution led to a dosedependent increase in the concentration of free Hyp in the skin (data not shown; p < 0:01). The soluble collagen content of the skin was also increased dosedependently in the groups given Hyp ( Fig. 1 ; p < 0:01; 0.5 and 1 g/kg vs. the control), meaning that the content of newly synthesized collagen had been increased. In contrast, the total collagen content, calculated by subtracting free Hyp from total Hyp, changed only negligibly (data not shown). The serum collagen peptide content increased in a dose-dependent manner, but not significantly, upon Hyp administration (Fig. 2) . However, a correlation analysis showed that the serum concentration of collagen peptides was positively and significantly correlated with the skin content of soluble collagen (Fig. 3) , this being significantly increased by the Hyp intake.
The soluble collagen fraction is likely to represent newly synthesized collagen, 10) and its level is known to decrease with age in rat skin. 11) We further demonstrated that the serum content of collagen peptides in the rat, which are thought to be collagen degradation products, 12) was positively correlated with the soluble collagen content of the skin. The activation of collagen metabolism reflects an increase in the concentrations of both soluble collagen in the skin and the degradation products of collagen. 13, 14) The correlation observed between the serum collagen peptide content and the skin collagen content therefore suggests that the ingestion of Hyp activated the turnover of skin collagen.
Proline is incorporated into collagen as a constituent, whereas Hyp is minimally incorporated into collagen peptides. 15, 16) However, the results obtained here indicate that Hyp had the ability to elevate the turnover of collagen, rather than functioning as a precursor. Although the molecular mechanism by which Hyp activated the collagen turnover cycle is currently unclear, it is most probable that Hyp, in addition to collagen itself, stimulated collagen metabolism. 13, 14) In conclusion, we have demonstrated for the first time that ingesting Hyp by rats increased both the soluble collagen content of the skin and the serum collagen peptide content, suggesting that Hyp had the ability to up-regulate collagen biosynthesis and degradation. This suggests that the Hyp intake had a stimulatory effect on collagen turnover.
